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ABSTRACT 


Hanson,  Margaret  A.  M.S.,  Purdue  University,  August, 
1986.  Evaluation  of  Aggregate  Sample  Durability.  Major 
Professor:  Dr.  W.L.  Dolch. 


A  method  was  developed  to  predict  the  freeze-thaw 
durability  of  an  aggregate  sample  using  mercury  poro- 
simetry.  The  foundation  of  the  procedure  lies  in  a  sta- 
tistical subsampling  plan  to  find  the  minimum  number  of 
porosimeter  runs  necessary  to  predict  the  average  Expected 
Durability  Factor  of  a  sample,  with  a  predetermined  accu- 
racy and  precision. 


A  dolomite  and  a  gravel  sample  were  analyzed  in  this 
study.  First,  a  sample  was  subdivided  according  to  litho- 
logic  and  textural  differences.  Next,  the  absorption  of 
each  fraction  was  determined.  The  purpose  of  subdividing 
and  testing  the  absorption  was  to  decrease  the  overall 
amount  of  analysis  time.  Crushing  the  rock  samples  was 
also  investigated,  however  a  practical  method  was  not 
found.  Those  fractions  with  a  high  absorption  were  tested 
in  the  mercury  porosimeter. 
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The  EDF  was  determined  from  the  pore  size  distribu- 
tion of  a  sample.  Then,  the  minimum  number  of  EDF  values 
was  calculated,  based  on  the  variance  of  the  data  and  on 
the  confidence  conditions.  Six  combinations  of  confidence 
coefficients  and  intervals  were  compilied.  Based  on  the 
results  of  the  comparison,  a  recommended  method  for  aggre- 
gate source  evaluation  was  formulated.  The  test  was  con- 
structed to  be  efficient  in  terms  of  time,  labor  and 
expense. 


INTRODUCTION 

D-cracking  is  a  major  source  of  distress  to  Indiana 
concrete  highways.  Cyclic  freezing  and  thawing  causes  the 
breakdown  of  nondurable  coarse  aggregate  and  of  the  cement 
paste  surrounding  the  aggregate.  Cracks,  running  parallel 
to  the  joints  and  edges  of  slabs,  are  characteristic  of 
this  difficulty  (1).  As  the  deterioration  advances,  the 
integrity  of  the  entire  pavement  is  destroyed. 

Problem 
Many  methods  have  been  developed  to  predict  aggregate 
durability  in  concrete,  however  none  these  tests  are  com- 
pletely satisfactory  (2).  Tests  that  cyclically  freeze 
and  thaw  concrete  containing  the  aggregate  are  reasonably 
successful,  although  time  consuming  (3,4).  A  test  that 
evaluates  the  rock  alone  is  more  desirable  because  less 
time,  expense  and  labor  are  involved.  Two  such  methods 
are  the  absorption  and  sulfate  soundness,  however,  these 
tests  have  only  a  limited  success  (5,6). 


Pore  size  distribution  analysis,  using  mercury  poro- 
simetry,  is  a  recently  developed  method  to  predict  the 
freeze-thaw  durability  of  coarse   aggregate   for   concrete 


(7,8,9).  The  method  defines  an  expected  durability  fac- 
tor, EDF,  that  is  derived  from  the  pore  size  distribution 
curve  of  a  sample.  A  low  EDF  indicates  a  comparatively 
non-durable  aggregate.  The  borderline  between  a  durable 
and  nondurable  EDF  has  been  established,  and  the  maximum 
allowable  percentage  of  nondurable  aggregate  in  a  pavement 
is  also  known  (10,11).  However,  the  present  state  of  the 
research  is  not  directly  applicable  to  predict  the  dura- 
bility of  an  aggregate  source,  because  a  reliable  testing 
program  has  not  been  deveolped. 


Obj  ec t ive 
The  objective  of  this  research  is  to  develop  a  test- 
ing program  to  evaluate  the  suitability  of  a  coarse  aggre- 
gate source  for  use  in  concrete  pavement.  The  foundation 
of  the  procedure  lies  in  a  subsampling  statistical 
analysis  to  find  the  minimum  number  of  pore  size  distribu- 
tions needed  to  predict  the  representative  average  EDF  of 
a  sample  with  a  predetermined  degree  of  accuracy  and  pre- 
cision. With  such  a  scheme,  a  potential  source  of  aggre- 
gate could  be  evaluated  in  terms  of  its  expected  durabil- 
ity in  concrete.  The  ultimate  goal  of  this  research  is  to 
develop  a  manual  for  the  application  of  the  EDF  method. 
The  method  will  allow  a  sample  to  be  evaluated  with  an 
efficient  use  of  time,  labor,  and  expense. 


Approach 
The  approach  used  in  this  research  began  with  a  prel- 
iminary investigation  of  a  crushed  limestone  sample.  The 
purpose  of  this  step  was  to  determine  if  statistics  could 
be  used  to  analyze  the  EDF  data.  A  scheme  of  analysis 
using  lithologic  and  textural  separation,  absorption  test- 
ing, and  crushing  was  proposed. 

The  next  step  was  to  apply  the  method  to  a  gravel 
sample.  The  process  of  subdividing  the  gravel  required  a 
small  amount  of  revision  and  the  initial  scheme  was  also 
revised.  After  the  statistical  results  of  all  of  the  EDF 
data  were  evaluated,  a  recommended  method  for  aggregate 
source  evaluation  was  devised. 

Literature  Review 
Aggregate  durability  has  been  studied  for  many  years 
in  an  effort  to  find  a  solution  to  D- cracking.  In  19  24, 
Reagel  observed  popouts  caused  by  nondurable  chert  parti- 
cles (12).  Unsound  coarse  aggregates  were  characterized 
by  a  low  bulk  specific  gravity,  a  high  absorption,  and  a 
high  degree  of  saturation,  by  1940  (13). 


In  1960,  Verbeck  and  Landgren  analyzed  the  behavior 
of  a  rock  when  it  freezes  (14).  They  postulated  three 
types  of  failure  mechanisms  for  concrete  aggregates.  The 
first  theory  states  that  frozen  water  can  be  accommodated 
within  a  rock  by  elastic  expansion.   Failure  occurs  if  the 


aggregate  is  critically  saturated  and  the  volume  of  frozen 
water  is  greater  than  the  expansion  potential  of  the  rock. 
The  second  mechanism  holds  that  the  excess  volume  of  water 
generated  by  freezing  will  be  forced  to  flow  through  the 
aggregate.  If  the  hydraulic  pressure  generated  by  this 
movement  is  too  great,  the  rock  will  fail  internally.  A 
popout  is  an  example  of  this  type  of  failure.  The  third 
failure  mechanism  occurs  when  the  porosity  of  the  rock  is 
too  great  for  elastic  expansion  and  the  permeability  is  so 
large  that  the  critical  freezing  distance  is  greater  than 
the  length  of  the  rock.  The  excess  water  generated  during 
freezing  is  driven  into  the  paste,  freezes,  and  causes  the 
paste  to  fail.  This  mechanism  is  termed  expulsion  into 
the  paste. 

The  importance  of  the  pore  characteristics  of  a  rock 
were  described  by  Rhoades  and  Mielenz  in  1946  (15).  The 
volume,  size,  and  continuity  of  the  void  structure  of  an 
aggregate  affects  its  durability  .  Dolch  concluded  that 
the  rate  of  increase  of  the  degree  of  saturation  and  the 
ratio  of  the  absorptivity  to  the  permeability  are  two 
important  indicies  of  frost  susceptibility  (16). 


Do lar-Montuani  stressed  that  the  composition  affects 
the  pore  properties  of  a  rock  (17).  Sedimentary  and  par- 
tially metamorphosed  rocks  are  frequently  responsible  for 
D— cracking.  Common  nondurable  coarse  aggregates  range 
from  pure  carbonates  to  carbonates   containing   chert   and 


clay  impurties  to  pure  chert,  shale,  sandstone,  greywacke, 
and  me t agreywacke .  These  nondurable  aggregates  are 
characterized  by  a  large  number  of  small  pores. 

In  1921,  Washburn  first  proposed  mercury  intrusion  to 
measure  the  distribution  of  voids  in  a  porous  material 
(18).  The  first  application  of  porosimetry  to  correlate 
the  pore  characteristics  of  a  rock  with  pavement  perfor- 
mance was  conducted  by  Lemish,  Rush,  and  Hiltrop  (19). 
Conflicting  reports  about  what  pore  size  range  character- 
ized nondurable  rocks  were  published  in  the  1960's.  How- 
ever, reports  agreed  that  aggregates  with  a  large  total 
pore  volume  or  a  large  number  of  pores  smaller  than  0.1 
microns  caused  distress  in  concrete  pavements  (20). 


Kaneuji,  Winslow,  and  Dolch  developed  a  correlation 
between  the  pore  size  distribution  and  the  freeze-thaw 
durability  of  coarse  aggregate  in  concrete  (21).  Car- 
bonate, shale,  sandstone,  and  brick  samples  were  selected 
to  represent  a  wide  range  of  pore  sizes.  The  aggregates 
were  subjected  to  four  durability  tests;  the  rapid 
freeze-thaw,  the  modified  critical  dilation,  the  vacuum 
saturated  24-hour  absorption,  and  the  Portland  Cement 
Association  absorption-ad  sorption. 

The  rapid  freeze-thaw  method  gave  the  best  match  with 
the  pore  size  distributions  of  the  samples.  Therefore,  a 
correlation   equation   between   the   two   parameters    was 


obtained  by  multiple  regression  analysis.  A  numerical 
value  of  the  expected  durability  was  obtained  with  the 
following  equation: 


EDF  = 


0.579 


pv    +  6.12(MD)  +  3.04 
where: 

EDF  =  Expected  Durability  Factor 
PV  =  Intruded  volume  of  pores  larger  than  45  A,  cc/g 
MD  =  Median  diameter  of  pores  larger  than  45  A,  urn 

o 
A  lower  limit  of  45  A  was  set  on  the  pore  diameter  because 

water   does  not  freeze  in  pores  smaller  than  45  A  at  typi- 
cal  outdoor  temperatures  (22). 

Kaneuji  also  proposed  a  borderline  between  durable 
and  nondurable  EDF  values.  This  number  was  obtained  by 
examining  concrete  pavements  exhibiting  D-cracking.  The 
Physical  description  of  representative  pieces  of  aggregate 
was  compared  with  the  EDF  of  those  pieces.  Rocks  from 
distressed  concrete  had  lower  EDF  values.  The  result  of 
the  analysis  established  the  following  regions:  below  40, 
nondurable  aggregate;  between  40  and  50,  marginal;  above 
50,  durable  aggregate. 

Another  result  of  Kaneuji's  research  suggested  a  new 
failure  mechanism  for  freezing  aggregate.  Water  in  the 
smallest  pores  of  a  rock  freezes  at   a   lower   temperature 


than  water  in  the  larger  pores  of  cement  paste.  Conse- 
quently, an  expanding  aggregate  may  be  confined  by  the 
previously  frozen  cement  paste.  A  dilation  type  of 
failure  mechanism  occurs,  because  the  rock  can  not  expel 
the  excess  water  created  by  freezing. 

Winslow,  Lindgren  and  Dolch  determined  what  percent 
of  nondurable  coarse  aggregate  in  concrete  is  detrimental 
to  pavement  durability  (23).  This  research  also  refined 
Kaneuji's  EDF  dividing  line  between  durable  and  nondurable 
rocks.  Indiana  highways  exhibiting  D-cracking  were 
evaluated  and  sampled.  The  Portland  Cement  Association 
pavement  condition  rating  was  used  to  judge  the  severity 
of  D-cracking.  The  amount  of  distress  was  judged,  by 
several  persons,  on  a  scale  of  0  to  5.  A  rating  of  0 
means  that  no  damage  was  visible,  and  a  score  of  5  means 
extensive  D-cracking  was  evident.  The  average  EDF  of  the 
significant  part  of  the  aggregate  was  determined  by  calcu- 
lating separate  EDF  values  for  the  durable  and  nondurable 
portions.  Lindgren  determined  the  relative  percentage  of 
each  aggregate  constituent  microscopically,  by  the  point 
count  method  (24). 


The  data  were  analyzed  to  construct  correlations 
between  the  performance  rating,  the  EDF  of  a  given  portion 
of  the  aggregate,  and  its  volumetric  proportion  of  the 
total  aggregate.  The  research  indicated  that  an  EDF  of 
over  50  represents  a  durable  aggregate.    It   was   further 
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concluded  that  more  than  10%  nondurable  coarse  aggregate 
in  a  pavement  will  result  in  D-cracking.  Therefore,  90% 
of  the  aggregate  must  have  an  EDF  of  above  50  to  ensure 
durable  concrete. 


EXPERIMENTAL  WORK 


Materials 


Two  aggregate  sources  were  evaluated  in  this  study. 
The  samples  were  assumed  to  be  representative  of  their 
sources.  A  crushed  dolomite  was  tested  first.  This  sam- 
ple, number  106,  was  obtained  from  the  Indiana  Department 
of  Highways  and  was  part  of  a  joint  Indiana  and  Illinois 
durability  testing  program.  The  gravel  sample  was 
obtained  from  a  West  Lafayette,  Indiana  terrace  deposit. 


Equipment 
The  mercury  porosimeter  used  in  this  study  was 
manufactured  by  the  American  Instrument  Company,  catalog 
number  J5-7125D.  The  theory  behind  porosimetry  has  been 
extensively  reviewed  (25).  The  usual  experimental  tech- 
niques and  data  analysis  were  used  in  this  research.  A 
surface  tension  value  of  484  dynes/cm  and  a  contact  angle 
of  125  degrees  were  assumed,  based  on  the  work  of  Lindgren 
(26).  The  pressure  generated  by  the  porosimeter  ranges 
from  less  than  0.01  mm  of  mercury  to  a  maximum  of  60,000 
psi.  The  corresponding  range  in  measured  pore  diameter  is 
from  about  500  microns  to  about  25  Angstroms. 
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The  porosimeter  was  previously  modified  to  suit  the 
specialized  needs  of  rock  measurements.  A  fan  was 
installed  to  decrease  the  amount  heat  generated  by 
compressing  the  hydraulic  fluid.  Also,  two  low  pressure 
measuring  devices  were  added  to  allow  pores  in  the  10  to 
500  micron  range  to  be  determined  more  accurately.  The 
pressure  vessel  cap  was  modified  to  accomodate  a  large 
s  amp le  holder . 

Two  sizes  of  sample  holding  devices,  or  penetrome- 
ters, were  used.  The  smaller  penetrometer  had  a  0.2  ml 
stem,  or  intrusion  capacity  and  a  bulb  that  held  approxi- 
mately five  grams  of  sample.  The  larger  penetrometer  had 
a  2.0  ml  intrusion  capacity  and  held  a  sample  of  about  20 
grams. 


Corrections 
Four  correction  factors  were  needed  to  offset  the 
error  in  the  measured  intrusion.  The  first  correction  is 
necessary  because  a  perfect  vacuum  is  not  achieved  in  the 
penetrometer.  The  extra  gas  occupies  a  volume,  which 
decreases  as  the  pressure  increases.  Therefore,  the 
apparent  intrusion  is  greater  than  the  true  intrusion,  and 
a  correction  factor  must  be  subtracted  from  the  measured 
value.  At  pressures  of  less  than  one  atmosphere,  this 
correction  is  significant.  Above  one  atmosphere  the 
decrease  in  the  gas  volume  is  constant,  but  the  correction 
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must  still  be  subtracted  from  the  apparent  intrusion.   The 
value  of  the  factor  is  determined  from  Boyle's  law. 


The  error  in  the  high  pressure  regime  is  a  combina- 
tion of  three  phenomena.  As  pressure  increases,  the 
volume  of  the  sample  decreases,  leading  to  apparent  intru- 
sion. The  penetrometer  is  also  compressed  at  high  pres- 
sure, but  this  change  causes  extrusion  of  mercury.  The 
third  effect  of  increasing  pressure  is  a  rise  in  the  tem- 
perature of  the  mercury.  The  last  factor  is  important 
because  the  density  of  mercury  is  sensitive  to  temperatue. 
As  the  temperature  increases  the  density  of  mercury 
decreases,  leading  to  apparent  extrusion.  The  net  high 
pressure  error,  the  sum  of  these  three  phenomena,  is 
extrusion.  The  high  pressure  correction  factors  are  given 
in  Table  1. 
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TABLE  1 
HIGH  PRESSURE  CORRECTIONS 


PRESSURE 
(psi) 

3  0 

5  0 

9  0 

1  50 

250 

450 

800 

1 

,300 

2 

,  300 

4 

,000 

7 

,000 

12 

000 

20 

000 

3  5 

000 

6  0 

000 

CORRECTION 
(ml/ml  of  Hg  in  penetrometer) 


0.00000 
0.00000 
0.00002 
0.00003 
0.00005 
0.00008 
0.00011 
0.00015 
0.00020 
0.00026 
0.00034 
0.00042 
0.00051 
0.00063 
0.00076 
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Procedure 
The  first  step  in  the  evaluation  of  the  freeze-thaw 
durability  of  an  aggregate  source  was  to  separate  the  sam- 
ples into  groups  of  similar  composition  and  texture.  The 
second  step  was  to  determine  the  absorption  of  each  class. 
Then,  those  fractions  with  a  comparatively  high  absorption 
were  tested  in  the  porosimeter.  The  applicability  of 
crushing  aggregates  was  also  examined. 

Subdivision 
The  aggregates  were  separated  according  to  litholo- 
gic  and  textural  characteristics  that  were  expected  to 
lead  to  differences  in  porosity.  Subdividing  reduces  the 
variability  of  a  given  sample,  therefore,  the  amount  of 
porosimeter  testing  was  expected  to  decrease.  On  the 
other  hand,  a  division  into  many  fractions  that  have  a 
very  low  variability,  will  require  a  large  amount  of  test- 
ing. A  balance  was  desired  between  the  labor  of  separa- 
tion and  the  labor  of  testing  needed  to  predict  the  EDF. 


Basic  geologic  tests  were  used  to  separate  the  rock 
samples.  Color,  grain  size,  cleavage,  hardness,  and  acid 
reaction  give  important  information  about  the  type  and 
condition  of  the  aggregates.  A  combination  of  these 
characteristics  is  diagostic  for  a  specific  rock  type 
(27). 
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After  washing,  the  rocks  were  visually  examined. 
Scratch  hardness  was  determined  with  a  steel  file  and  a 
penny.  A  solution  of  ten  percent  hydrochloric  acid  was 
used  to  identify  limestones.  A  hand  lens  was  also  used  to 
examine  fine-grained  rocks. 

Dolomite.  The  dolomite  sample  was  relatively  homogeneous, 
even  though  variations  in  color  and  porosity  were  evident. 
The  overall  physical  condition  of  the  sample  was  good. 
The  rocks  ranged  in  size  from  1/2  inch  to  1  1/2  inches. 
The  dolomite  was  fine-grained,  light  to  dark  gray  in 
color,  slightly  to  very  porous,  and  contained  some  clay 
s  earns  . 

The  dolomite  was  subdivided  into  five  fractions, 
based  on  variations  in  the  general  characteristics.  Frac- 
tion 1  was  light  gray,  with  a  small  amount  of  pores  and 
clay  seams.  The  second  class  was  similar  to  the  first, 
but  darker  gray  in  color.  Fraction  3  contained  a  high 
proportion  of  clay  seams.  Fraction  4  had  a  relatively 
large  amount  of  vuggs  ,  ranging  in  size  from  one  to  three 
millimeters.   The  fifth  fraction  was  a  red  brown  color. 


Gravel  .  The  overall  condition  of  the  gravel  was  good. 
The  pieces  ranged  in  size  from  1/4  inch  to  two  inches; 
most  of  the  rocks  were  one  inch  in  diameter.  The  gravel 
was  composed  of  angular  and  well-rounded  aggregates. 
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Separating  the  gravel  was  complicated,  because  the 
sample  was  heterogeneous.  The  division  scheme  was  revised 
during  four  trials  to  find  the  best  classification  scheme. 
The  weight  percentages  of  each  gravel  subdivision  was  com- 
pared to  that  of  a  typical  Indiana  gravel  (28).  The 
values  matched  closely,  therefore,  the  accuracy  of  the 
subdivision  procedure  was  reinforced.  Igneous  and 
metamorphic  rock  had  similar  characteristics,  so  they  were 
grouped  together.  The  shales  and  ochers  had  different 
characteristics  compared  to  the  other  terrigenous  sedimen- 
tary rocks,  so  they  were  put  into  separate  classes.  Chert 
and  quartzite  have  different  pore  structures,  therefore, 
chert  was  put  in  a  separate  catagory  and  quartz  was  placed 
with  the  igneous  and  metamorphic  rocks.  Quartzites  were 
classified  with  the  sandstones.  The  division  between 
weathered  and  fresh  rocks  was  also  more  clearly  defined  in 
the  course  of  the  four  trials.  Table  2  lists  the  distin- 
guishing characteristics  for  each  rock  type. 
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The  final  scheme  was  to  divide  the  gravel  into  eleven 
catagories : 

1.  Igneous  and  Metamorphic 

2.  Weathered  Igneous  and  Metamorphic 

3.  Chert 

A.  Weathered  Chert 

5.  Ocher  and  Shale 

6 .  Sandstone 

7.  Weathered  Sandstone 

8 .  Limestone 

9.  Weathered  Limestone 

10.  Dolomite 

11.  Weathered  Limestone 

The  following  general  procedure  was  used  to  subdivide 
the  gravel: 

1.  Sort  out  obvious  rocks. 

2.  Perform  acid  test  on  remaining  rocks. 

3.  Perform  hardness  test  on  remaining  rocks. 

4.  Sort  out  weathered  rocks. 


The  first  step  was  visually  to  separate  all  of  the 
rocks  that  were  easy  to  identify.  The  recognition  of  some 
types  of  igneous  rocks  was  obvious:  granite,  diorite,  and 
vein  quartz.  The  mi  croc ry stall ine  grain  size  of  chert  was 
characteristic.  Some  of  the  sandstones  and  limestones 
were  also  easy  to  identify. 
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The  next  step  was  to  test  the  remaining  unidentified 
pieces  with  a  drop  of  acid.  Any  rock  that  contained  a 
high  proportion  of  limestone  effervesed  profusely  in  acid. 
The  physical  appearance  of  the  limestone  was  variable,  so 
testing  each  rock  was  important.  Some  of  the  rocks  effer- 
vesed only  slightly.  Limestones  with  clay  or  chert  impur- 
ities were  separated  according  to  the  relative  amount  of 
the  impuri  t  y . 

The  remaining  rocks  were  classified  by  the  hardness 
test.  Each  piece  was  scratched  with  a  steel  file.  Hard 
rocks  exhibiting  cleavage,  relict  grains,  or  a  wavy 
me t amor phic  texture  were  placed  in  the  igneous  and 
metamorphic  class.  Cherts  were  extremely  hard,  raicrocry- 
stalline,  and  were  characterized  by  conchoidal  fracture. 
Sandstones  were  identified  by  a  coarse  grained  texture  and 
typically  friable  nature.  The  shale  and  ocher  fraction 
was  soft  enough  to  be  scratched  deeply.  Dolomite  rocks 
were  distinguished  by  a  moderate  hardness  and  a  brown  to 
yellow-brown  to  tan  color. 


Problems  occured  when  rocks  could  not  be  identified 
precisely.  The  distinguishing  characteristics  of  deeply 
weathered  rocks  and  of  fine  grained  dark  rocks  were  diffi- 
cult to  determine.  In  these  cases,  the  rock  was  placed  in 
the  class  that  matched  most  of  the  characteristics.  The 
dark,  fine-grained  sandstones  and  some  of  the  andesites 
had  almost  identical  physical   properties.    Both   of   the 
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rocks   had   similiar   pore  characteristics,  therefore,  the 
rock  was  acceptable  in  either  catagory. 

The  fourth  and  final  step  of  the  gravel  subdivision 
procedure  was  to  separate  the  weathered  and  the  unweath- 
ered  rocks  within  one  lithologic  fraction.  This  step  was 
to  some  extent,  subjective  because  the  degree  of  weather- 
ing graded  from  slightly  to  deeply  weathered.  Separating 
the  gravel  was  complicated  because  the  surface  of  a  piece 
of  gravel  was  more  weathered  than  the  core.  A  rock  that 
appeared  weathered  on  the  outside,  was  frequently  fresh 
and  durable  on  the  inside.  The  distinguishing  features  of 
a  highly  weathered  rock  were  a  dull  and  earthy  color,  a 
high  proportion  of  relict  grains  converted  to  clay 
minerals,  a  low  relative  hardness,  and  a  low  relative 
specific  gravity.  As  a  rule,  only  deeply  weathered  rocks 
had  a  large  change  in  pore  properties,  and  only  a  small 
proportion  of  each  fraction  was  highly  altered. 


Ab  sor pt  ion 
The  second  step  in  the  experimental  procedure  was  to 
determine  the  absorption  of  each  aggregate  fraction.  The 
ASTM  recommended  method  for  absorption,  C— 12  7,  was  used. 
The  purpose  of  this  step  was  to  screen  out  groups  with  an 
absorption  of  less  than  one  percent.  The  EDF  of  such 
materials  will  always  be  greater  than  about  60,  therefore, 
those  rocks  will  always   be   durable.    Eliminating   these 
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subdivisions  significantly  reduced  the  amount  of  testing. 

Po  r osimet er 
Testing  the  rock  fractions  that  had  a  high  absorption 
in  the  mercury  porosimeter  was  the  next  step  in  the  exper- 
imental procedure.  A  large  set  of  data  was  needed  to 
establish  the  statistical  procedure.  Fifteen  runs,  on 
both  the  light  and  dark  gray  dolomite  subsamples,  were 
performed.  The  other  three  classes  were  each  tested  eight 
times.  The  intrusion  was  measured  at  pressure  multiples 
of  approximately  1.75,  which  allowed  the  entire  pressure 
range  to  be  covered  uniformly  and  graphed  easily.  The 
high  pressure  intervals  are  given  in  Table  1.  The  low 
pressure  intervals  were  20,  40,  80,  160,  320  and  640  mm  of 
mercury.  The  small  penetrometers  were  used  to  test  the 
crushed  stone,  therefore  the  weight  of  each  sample  was 
approximately  five  grams.  The  individual  test  samples 
were  chosen  randomly. 


The  procedure  for  testing  the  gravel  in  the  porosime- 
ter was  slightly  different.  Large  penetrometers  were  used, 
therefore,  the  sample  size  was  increased  to  between  ten 
and  twenty-five  grams.  The  weight  of  the  sample  was 
dependent  on  the  absorption  of  the  rock.  The  low  pressure 
intrusion  intervals  were  also  changed.  The  sample  was 
intruded  initially  to  200  mm  Hg  and  measured  at  320  and 
640   mm   Hg .   A  large  initial  intrusion  offset  part  of  the 
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inter part icle  pore  volume  error.  The  rocks  for  each  poro- 
simeter  sample  were  chosen  to  represent  the  range  of  tex- 
tures present  in  the  whole  fraction.  This  method  was 
viewed  as  another  type  of  subdivision.  Three  runs  were 
performed  on  a  class,  the  statistics  were  calculated,  then 
four  more  runs  were  made  and  the  statistics  were  recalcu- 
lated based  on  seven  runs. 

Crushing 
Using  a  sample  of  crushed  material  was  investigated 
as  another  method  to  reduce  the  amount  of  testing  needed 
to  predict  the  EDF  of  an  aggregate  fraction.  A  sample 
containing  many  small  pieces  has  a  wide  variety  of  the 
textures  found  in  the  class.  The  composite  pore  size  dis- 
tribution of  many  rocks  makes  the  measured  EDF  of  the  sam- 
ple closer  to  the  true  value.  The  variability  among  sam- 
ples is  also  less,  so  the  amount  of  testing  required 
decreases.  The  pract icallit y  of  this  idea  was  investi- 
gated for  both  the  dolomite  and  the  gravel  sources. 

The  dark  gray  class  of  dolomite  was  crushed  with  a 
hammer  to  pass  the  number  four  sieve  and  be  retained  on 
the  number  eight.  The  sample  was  washed  on  the  sieve  and 
oven  dried  prior  to  testing.  Normal  intrusion  intervals 
were  used.   Eleven  runs  were  performed  on  the  dolomite. 


The  problem  with  the   initial   scheme   was   that   the 
crushed   sample   contained  a  comparatively  large  amount  of 
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space  between  the  rock,  grains  that  was  recorded  by  the 
porosimeter  along  with  the  true  rock  pores.  So,  the  pore 
size  distribution  was  biased  towards  an  artificially  high 
amount  of  pores  on  the  large  diameter  end  of  the  distribu- 
tion. 

Tests  were  done  to  try  to  refine  the  crushing  pro- 
cedure. Two  methods  were  investigated  on  the  unweathered 
dolomite  fraction  of  the  gravel  to  find  an  effective  way 
to  correct  the  large  in t e rgranular  pore  volume  created  by 
crushing. 

In  the  first  method,  quartzite  was  used  as  a  stan- 
dard. Quartzite  has  virtually  no  pores,  therefore  the 
only  measured  intrusion  must  be  due  to  inter  par t ic le  pore 
volume.  Samples  with  a  particle  size  range  from  3/8  to 
1/4  inch  were  tested.  Five  runs  were  performed  on  the 
quartzite  and  ten  were  run  on  the  dolomite. 


The  aim  of  the  other  correction  method  was  to  intrude 
mercury  beyond  a  point  where  any  in t erg ranul ar  pore  volume 
remained.  Theoretically,  the  pore  size  distribution  graph 
should  level  out  at  the  point  where  all  of  the  interparti- 
cle  pore  volume  has  been  intruded.  Crushed  dolomite, 
ranging  in  size  from  3/8  to  1/4  inch,  were  intruded  at 
normal  intervals. 
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DATA 


Porosimeter 


The  sample  weight,  vacuum  reading,  cummulative  intru- 
sion and  other  important  instrument  readings  were  used  to 
determine  the  pore  size  distribution  of  a  sample.  A  spe- 
cial form  was  used  to  record  this  information,  however  the 
raw  data  will  not  be  included  in  this  report  because  of 
the  large  volume  involved.  Over  125  porosimeter  runs  were 
conducted  during  the  course  of  the  study. 
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RESULTS 

Absorption  and  We  ight  Percent 
The  weight  percent  of  each  rock  catagory  was  calcu- 
lated from  the  oven  dry  weight.  The  percent  absorption  of 
a  fraction  was  calculated  from  the  oven  dry  and  saturated 
surface  dry  weights  of  each  fraction  according  to  ASTM  C- 
127.  Table  3  lists  the  weight  percents  and  the  percent 
absorptions  for  the  dolomite;  the  results  for  the  gravel 
are  given  in  Tables  4  through  7. 


Porosimeter 
The  EDF  was  calculated  with  the  use  of  a  computer 
program  that  incorporated  the  correction  factors  into  the 
measured  pore  size  distribution.  The  computer  printouts 
were  not  included  in  this  report  for  the  same  reasons  that 
the  raw  data  sheets  were  not  given.  Table  8  gives  the  EDF 
values  and  averages  for  the  dolomite.  The  gravel  EDF 
values,  after  three  and  six  runs,  are  listed  in  Tables  9 
and  10,  respectively. 
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TABLE  3 
DOLOMITE  WEIGHT  AND  ABSORPTION  PERCENTAGES 


TYPE 
NO. 


ROCK 
TYPE 


WEIGHT 
PERCENT 


PERCENT 
ABSORPTION 


Light    Gray 
Dark    Gray 
Clay    Seams 
Porous 
Re  d-Br own 


23.8 

57.8 

5.2 

6.3 

6.8 


1.7 

2.1 
2.6 
1  .8 
2.3 
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TABLE  8 
DOLOMITE  EDF  VALUES  AND  AVERAGES 


3  0 


TYPE 

ROCK 

NO. 

TYPE 

1 

Light    Gray 

2 

Dark    Gray 

3 

Clay    Se  ams 

4 

Porous 

5 

Red-Brown 

EDF 
VALUES 


AVERAGE 
EDF 


32,23,25,38,31, 29,30,28,  31 
46,32,27,29,35,27, 28 

34,27,41  ,30,35, 22,48,43,  34 
22,  35,29,39,23,40,37 

25,  26,25,28,25,26,23,25  25 

23,25,33,31,34,46,30,25  31 

42, 21, 39,22, 20, 23, 26, 24  27 
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DISCUSSION 


Experimental  Procedure 


Crushing 
The  average  EDF  of  the  crushed  dolomite  was  signifi- 
cantly lower  than  the  average  EDF  of  the  uncrushed  dolom- 
ite. The  average  EDF  for  the  crushed  samples  was  22  and 
the  average  EDF  for  the  whole  rocks  was  34.  The  averages 
were  expected  to  be  close,  and  the  spread  of  the  crushed 
rock  EDF  values  was  expected  to  be  smaller.  The  range  of 
the  crushed  dolomite  EDF  values  was  21  to  23,  and  the 
uncrushed  samples  had  a  range  of  22  to  48. 


Pore  size  distribution  graphs  of  the  crushed  and  the 
whole  pieces  of  dolomite  were  compared.  The  crushed  sam- 
ples had  a  much  larger  pore  volume  in  the  low  pressure 
range.  This  extra  volume  was  due  to  int erpart icle  pore 
space.  The  rock  grains  in  a  penetrometer  are  in  contact 
with  the  sides  of  the  penetromter  and  also  with  other 
grains.  The  grain  boundries  act  like  large  pores.  When 
the  pressure  increases  to  a  point  where  the  rocks  no 
longer  touch,  the  int erpart icle  error  is  eliminated.  The 
apparent   intrusion   is   greater   than  the  true  intrusion, 
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therefore,  the  EDF  of  the  crushed  dolomite  samples  was  too 
low.  This  error  also  occurred  in  the  uncrushed  samples, 
but  the  number  of  grains  was  small,  so  the  inter  par t icle 
pore  volume  was  small. 

The  attempt  to  use  crushed  samples  was  more  compli- 
cated than  anticipated.  A  correction  factor  was  needed  to 
make  crushing  a  more  practical  method.  Two  ways  were 
investigated  to  correct  the  interpar t icle  pore  volume 
error.  The  quartzite  correction  factor  was  not  effective 
because  the  surface  area  of  the  quartzite  was  less  than 
the  dolomite.  The  dolomite  grains  were  very  rough  and 
created  a  larger  int ergranular  pore  volume  than  the  quart- 
zite. The  second  approach  was  to  subtract  the  interparti- 
cle  pore  volume  from  each  run.  Unfortunately,  the  dis- 
tinction between  int erpa rt icle  and  int rapart icle  pores  was 
not  clear,  and  the  spaces  between  the  grains  were  not 
fully  intruded  in  the  low  pressure  regime. 


These  correction  attempts  with  the  crushed  samples 
were  not  successful.  Crushing  was  concluded  to  be  an 
unpractical  method  to  reduce  the  amount  of  testing  needed 
to  represent  a  sample.  Therefore,  the  gravel  samples  were 
analyzed  using  whole  pieces. 
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Absorption 

Dolomite .  The  dolomite  class  rich  in  clay  seams  had  the 
highest  absorption  value.  The  red-brown  colored  dolomite 
subsample  also  had  a  relatively  high  absorption,  clay  was 
probably  an  important  constituent  of  this  rock.  The  dark 
gray  dolomite  had  an  absorptivity  between  that  of  the 
clay-rich,  and  the  light  gray  and  the  vuggy  classes. 

All  of  the  dolomite  fractions  had  an  absorption  of 
greater  than  one  percent;  therefore,  each  of  the  five  sub- 
samples  was  tested  in  the  por osimet er .  When  the  absorp- 
tions of  all  of  the  classes  were  compared,  the  results 
were  similar.  Given  the  uncertainty  of  the  saturated  sur- 
face dry  condition,  the  percent  absorption  of  these  subdi- 
visions were  basically  equivalent.  Based  on  this  result, 
the  EDF  values  were  predicted  to  be  close. 


Gravel .  The  gravel  absorption  values  had  a  large  varia- 
bility. The  range  in  the  percent  absorption  between 
unweathered  and  weathered  classes  was  also  significant. 
These  comparisons  are  one  indication  that  the  subdivision 
procedure  was  effective  and  will  reduce  the  overall  amount 
of  time  spent  analyzing  the  gravel  source. 

The  weathered  fractions  of  all  of  the  rock  types  had 
an  absorption  greater  than  one  percent.  The  unweathered 
chert  and  the  ocher  and  shale   classes   also   had   a   high 
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absorption.     Therefore,    seven    subdivisions   required 
further  testing  in  the  mercury  porosimeter. 

Statistics 


Review 
The  statistical  background  for  this  study  is  reviewed 
in  the  following  section  (29).  Experimental  data  are  sum- 
marized graphically  by  a  frequency  distribution.  The 
number  of  occurrences  of  each  value  versus  a  given  class 
width  illustrates  valuable  information  about  a  population. 
A  frequency  distribution  is  numerically  represented  by  the 
mean  and  the  standard  deviation.  The  mean,  X,  is  a  meas- 
ure of  the  center  position  or  highest  number  of 
occurrences  in  a  frequency  distribution.  The  equation  for 
calculating  the  mean  is: 


where 

i 
n 


x  =   I   — - 
1-1  n 


index 

total  number  of  data  values 

value  of  data 


The  standard  deviation,  s,  and  the  variance,  s  , 
measure  the  dispersion  of  data.  The  sum  of  squares,  ss  , 
measures  the  deviations  around  the  mean.  The  variance  and 
the    standard    deviation   are   given   by   the   following 
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e  quat  ions 


g2  _  _ss  m      *  (xj  -  x>2 
u-1  n-1 


s  =  \  s' 


A  probability  distribution  represents  the  likelihood 
of  the  occurrence  a  specific  event,  based  on  the  frequency 
distribution.  Characteristic  distributions  are  formed;  an 
important  one  is  the  normal  probability  distribution.  The 
normal  curve  is  bell  shaped  and  symmetrical.  The  mean  of 
a  normal  distribution  is  symbolized  by  u,  and  the  standard 
deviation  is  o. 

Another  important  probability  distribution  is  the 
Student-t.  When  the  sample  size  is  small,  in  the  case  of 
the  EDF  values,  data  no  longer  follow  a  standard  normal 
curve.  The  t-pr obabil i t y  distribution  is  almost  bell 
shaped  and  symmetrical.  As  the  size  of  the  sample 
increases,  the  t-d is t r ibu t ion  approches  a  normal  curve. 

A  probability  distribution  is  numerically  expressed 
by  an  interval  estimate,  L.  The  interval  estimate  takes 
into  account  the  error,  or  precision  of  the  mean,  and  is 
represented  by  the  following  equation. 


x  -  L  <  y  <  x  +  L 
The  value  of  the  interval  is  determined  partially   by   the 
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standard  error,  or  the  deviation  of  the  mean  equation. 


7     x 


The  confidence  coefficient,  a,  is  the  probability 
that  a  correct  interval  estimate  is  obtained.  The  coeffi- 
cient is  determined  by  judging  how  precise  the  results 
must  be.  The  coefficient  also  affects  the  width  of  an 
interval  estimate.  The  coefficients  66%,  95%  and  99%  are 
common  values.  A  95%  confidence  coefficient  means  that  in 
95%  of  the  occurences,  the  interval  will  contain  the  true 
population  mean. 

The  confidence  coefficient  is  converted  into  a  per- 
centage point  value  to  calculate  the  interval  estimate. 
For  the  t-d i s t r i bu t ion ,  the  form  of  the  percentage  ooint 
is  : 


t(l— ;  n-1) 
When  a   is  equal  to  99%,  the  first  term  in  the  parenthesis 
is  calculated  by  the  following  method. 


a  =  1  -  a 


.01  = 


'-! 


1  -  .995  = 


1  -  .99 

.995 

.005 


The  degrees  of  freedom,  df ,  is  the  other  consideration   of 
the   percentage  point  value.   Degrees  of  freedom  refers  to 
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the  number  of  observations  minus  the  number  of  parameters 
estimated  from  those  data  values. 

df  -  n-1 

When  the  sample  size  is  equal  to  15,  the  degrees  of  free- 
dom is  14.  Therefore,  if  the  percentage  point  terms  are 
t(.005;  14),  then  t  =  2.977.  The  value  for  t  was  deter- 
mined by  consulting  the  table  in  Appendix  A. 

The  interval  estimate,  or  confidence  limits  combine 
the  standard  error,  t-percentage  point,  and  the  mean  to 
predict  the  interval  for  estimating  p.  The  limits  for  the 
Student-t  distribution  are  given  below. 

X  -  t(l-y;  n-l)s_  <  u  <  x  +  t(l~;  n-l)s 


Minimum  n 
The  method  used  to  determine  the  smallest  number  of 
EDF  values  necessary  to  predict  the  range  within  which  the 
true  mean  lies,  was  similar  to  calculating  the  confidence 
limits  (30).  An  interval  estimate  was  broken  down  into 
its  components : 

x-L<  u  <  x"  +  L 
x"  -  t(l-|;  n-l)s_  <  u  <  x"  +  t(l-|;  n-l)s 


x  -  t(l--;  n-l)x 


<  V    <  x  +  t(l-|;  n-1).  — 

I  \    n 
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therefore 


L  =  t(l-j;  n-1). 


Two  different  n  values  are  included  in  a  limit.  The  n 
that  is  contained  within  the  parenthesis  is  determined  by 
the  number  of  values  that  the  variance  was  calculated 
from.  The  other  n,  under  the  square  root  symbol,  is  the 
estimated  number  of  values. 

In  this  study,  the  confidence  limit,  confidence  coef- 
ficient, and  the  variance  were  known.  The  equality  of  the 
equation  was  determined  by  the  estimated  value  of  n.  The 
method  can  be  best  explained  by  a  sample  calculation.  In 
the  next  section,  the  dolomite  source  was  used  as  an  exam- 
ple. 

The  confidence  coefficient  and  the  confidence  inter- 
val were  varied  in  order  to  determine  the  most  practical 
minimum  n  condition.  The  purpose  of  changing  these  param- 
eters was  to  create  a  large  data  base  to  compare  minimum  n 
values.  The  effect  on  the  number  of  runs  was  expected  to 
be  significant.  A  reasonable  number  of  porosimeter  runs, 
fewer  than  fifteen,  was  considered  acceptable. 


The  confidence  coefficients  used  were  80%,  95%,  and 
99%.  These  three  were  chosen  to  represent  the  wide  range 
of  commonly  used  confidence  coefficients.  The  confidence 
interval   was  tested  at  L  =  ±  2  and  ±  5.  These  values  were 
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selected  based  on  the  certainty  of  an  EDF  measurement;  an 
interval  of  ±2  is  narrower  and  creates  a  more  precise 
estimate.  The  outcome  of  varying  the  confidence  coeffi- 
cient and  the  confidence  interval  created  six  conditions, 
listed  in  Table  11. 


TABLE  11 
CONFIDENCE  CONDITIONS 
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CONFIDENCE 
COEFFICIENT 

80% 

80% 

95% 

95% 

99% 

99% 


CONFIDENCE 
INTERVAL 

*  2 

t  5 

t  2 

t  5 

t  2 

±  5 


A3 

Dolomite .  The  classical  statistical  procedures  are  based 
on  a  normal  probability  distribution.  Before  statistical 
tests  can  be  appplied  to  the  data,  the  normality  must  be 
verified.  The  W  test  is  a  basic  statistical  method  used 
to  establish  normality  (31).  The  calculations  of  the  W 
test  were  not  included  in  this  study,  however  the  results 
of  the  tests  concluded  that  the  data  were  normal. 

The  minimum   n   statistical   method   is   outlined   in 
detail  for  the  first  subsample  of  the  dolomite. 

A.  Compile  data. 

28,  32,  23,  35,  38,  31,  29,  30,  28, 
46,  32,  27,  29,  35,  27 

n  =  15 

B.  Calculate  mean. 

7   =  470/15  =  31 

C.  Calculate  deviation  or  sum  of  squares. 

ss  =  1  +  64  +  16  +  49  +  ...  +  9  =  431 

D.  Calculate  variance. 

s2  =  431/14  =  31 

E.  Given  confidence  condition: 

otj  =  80%  and  L  =  ±  2 


1.   Estimate  value  of  n  required 

for  confidence  condition  to  hold 


t(l-y;  n-1)^ 


n  =  20 
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Calculate  percentage 
point  value : 

t  =  t(l-|;  n-1) 

a    =  1  -  a   =  1  -  .8  =  .2 

t  =  i  -  «  =  i  -  ii  =  .9 

1  -  .9  =  .1 

n  -  1  =  19 

t  =  t(  .1 ;  19)  =  1.328 


b.  Calculate  standard  error 
of  est  ima t ed  n  : 


£_  =  11  =  1#2A5 
n     20 


Calculate  confidence 
1 imi  t : 


L  =  t(l~;  n-l)s_ 


L  =  (1.328)(1 .245) 


L   =  1.65 
e 


d.   Compare  estimated  confidence 
limit  with  desired  confidence 
limit: 


1.65 


L   <  L 
e 


m—^— 


Conclusion : 

The  estimated  confidence 
limit  is  more  narrow  than 
required,  therefore  the 
estimated  n  can  be  decreased* 
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2.   Estimate  n  -  15 

a.   t  -  t(l-|;  n-1) 

t  -  t(.l;  14) 
t  -  1.345 

7 


b.   s 


7      \ 


11 

15 


\ 

(t)£ 


(1.345)(2.438) 


L   -  1.93 
e 

d.   L   <  L 

e 


therefore,  n  lower 
3.   Estimate  n  -  14 

a.   t  -  t(  .1  ;  13) 
t  -  1.350 


b.   s 


i     " 


11 

14 


s_  -  1.488 

y 

c.   L   -  (1.350)(1.488) 


L   -  2.01 
e 

d.   L   -  L 

e 
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The  result  of  the  calculation  determined  that  four- 
teen EDF  values  were  needed  to  properly  define  the  inter- 
val within  which  the  true  mean  lies,  when  the  confidence 
coefficient  is  80%  and  the  EDF  confidence  limit  is  ±  2. 

The  minimum  n  for  the  six  confidence  conditions  was 
calculated  for  the  five  dolomite  rock  types.  The  results 
are  given  in  Table  12.  Combined  sample  statistics  are 
also  included  in  Table  12. 


The  purpose  of  calculating  six  confidence  conditions 
was  to  find  the  lowest  n  without  sacrificing  needed  preci- 
sion. Table  12  shows  that  the  minimum  n  was  senstive  to 
different  confidence  coefficients  and  limits.  For  exam- 
ple, the  minimum  n  almost  doubled  each  time  the  coeffi- 
cient was  increased.  Also,  when  the  limits  were  expanded 
from  two  to  five  EDF  values,  the  minimum  n  dropped  dramat- 
ically. The  number  of  EDF  values  changed  so  much  because 
the  sum  of  squares  calculation,  ss  ,  measures  the  deviation 
of  data  around  the  mean.  As  the  variability  in  the  data 
increased,  the  deviation  was  numerically  squared. 
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Given  the  uncertainty  of  the  EDF  measurement,  a  95% 
confidence  coefficient  and  an  EDF  confidence  limit  of  plus 
or  minus  five  was  concluded  to  be  the  best  confidence  con- 
dition for  the  dolomite.  This  situation  created  the  best 
balance  between  accuracy  and  precision.  A  five  percent 
chance  of  not  including  the  true  mean  in  the  interval 
estimate  is  small.  When  the  coefficient  was  increased  to 
99%,  the  minimum  n  increased  greatly.  However,  a  chance 
of  being  wrong  20%  of  the  time  was  too  high.  The  confi- 
dence limit  was  concluded  to  be  the  best  best  at  plus  or 
minus  five  because  the  EDF  dividing  line  between  durable 
and  not  durable  is  somewhat  uncertain.  A  gray  area 
between  45  and  55  exists  where  a  rock  may  or  may  not  be 
durable.  The  EDF  of  all  of  the  dolomite  subsamples  was 
less  than  35 . 


The  combined  minimum  n  conditions,  for  the  crushed 
dolomite,  were  determined  by  grouping  the  EDF  values  from 
the  five  subsamples  together.  Although  the  variances  of 
the  fractions  were  not  equal,  this  situation  was  realistic 
because  small  sample  sizes  were  tested.  The  variance  of 
the  combined  sample  was  less  than  the  variance  of  three  of 
the  subdivisions.  This  comparison  showed  that  separating 
the  dolomite  into  classes  with  similar  texture  and  colors 
was  not  necessary.  The  time  spent  dividing  the  sample 
actually  increased  the  amount  of  testing  required  to 
predict  the  durability. 
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The  entire  dolomite  source  had  an  EDF   of   less  than 

50.    Lindgren's  research  indicates  that  an  aggregate  with 

greater  than  10%  no n- durable  rocks  can  be  expected  to  show 
D-cracking  in  concrete  pavements. 

Gravel .  Tables  13  and  14  give  the  minimum  n  results  for 
the  gravel,  based  on  three  and  seven  runs,  respectively. 
Comparing  the  data  in  the  two  tables  shows  that  the 
minimum  n  did  not  usually  change  significantly  between 
three  and  seven  runs.  However,  the  variances  of  the  chert 
and  the  igneous  and  metamorphic  classes  were  very  dif- 
ferent. When  the  confidence  coefficient  was  95%  and  the 
confidence  limit  was  plus  or  minus  two  EDF  values,  the 
resulting  minimum  n  was  a  reasonable  number. 


All  of  the  samples  tested  in  the  porosimeter  had  low 
EDF  values.  The  weight  percent  of  the  nondurable  gravel 
classes  totaled  25%  of  the  entire  sample.  A  concrete 
pavement  made  with  this  gravel  can  be  expected  to  exhibit 
D-cracking,  according  to  Lindgren.  However,  the  extent  of 
the  distress  will  probably  not  be  as  severe  as  in  a  pave- 
ment composed  of  all  nondurable  coarse  aggregate. 
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CONCLUSION 


A  statistical  procedure  was  developed  to  determine 
the  smallest  number  of  mercury  poroslmeter  runs  needed  to 
represent  the  average  EDF  of  an  aggregate  source.  The 
minimum  n  was  dependent  on  the  variance,  the  confidence 
coefficient,  and  the  confidence  interval  of  a  given  class 
of  rock.  The  method  was  designed  to  balance  the  amount  of 
labor  spent  separating  a  sample  with  the  labor  of  testing 
a  sample.  A  practical  procedure  was  developed  to  analyze 
the  durability  of  an  aggregate  source.  The  recommended 
method  for  aggregate  sample  evaluation  is  given  in  Appen- 
dix B. 
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Appendix  B_ 
RECOMMENDED  METHOD  FOR  AGGREGATE  EVALUATION 

A.  Obtain  representative  sample. 

1.  homogeneous  crushed  stone  =  2,000  grams 

2.  gravel  =  6,000  grams 

B.  Wash  sample  throughly. 

C.  Examine  general  properties. 

1.  overall  condition 

2.  average  size  and  range  of  size 
3  .   angularity 


D.   Separate  sample  according  to  lithologic  and 
textural  variations. 


E.   Measure  absorption. 


F.   Determine  pore  size  distribution  and  Expected 
Durability  Factor. 


1.  Run  only  on  classes  with  an  absorption  of 
greater  than  1%. 

2.  Verify  normality  of  EDF  data. 
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G.   Compute  minimum  n  required. 

1.  Recommend  a  95%  confidence  coefficient  and 
±  5  EDF  confidence  interval,  however 
other  conditions  can  be  used. 

2.  Follow  method  outlined  in  pages  42-44. 

3.  Calculate  minimum  n  after  four  runs. 

4.  Make  more   porosimeter  runs. 

a.  If  minimum  n  is  sufficiently  small  make 
recommended  number  of  runs. 

b.  If  minimum  n  is  inconvent ient ly  large 
do  one  of  the  following: 

i)   Subdivide  sample  more  throughly. 

ii)   Make  more  runs  and  recompute 
statistics. 

5.  Repeat  procedure  for  other  classes. 


H.   Compute  total  percent  nondurable  aggregate 
in  source . 


1.  Add  weight  percents  of  all  fractions  with 
an  average  EDF  of  less  than  50. 

2.  Use  results  to  perdict  durability. 

a.   One  criteria  is  Lindgren's  method. 


Implementation  Report 

EVALUATION  OF  AGGREGATE  SAMPLE  DURABILITY 

by 

M.  Hanson 


The  following  suggestions  are  made  as  possible  ways  the 
results  of  this  report  might  be  implemented. 

The  main  aim  of  this  research  was  to  determine  the  relation- 
ship between  the  required  accuracy  of  a  determination  of  the 
expected  durability  factor  (EDF)  of  an  aggregate  sample,  the 
degree  of  confidence  that  can  be  placed  in  the  value  obtained, 
and  the  number  of  mercury  porosimetry  runs  required. 

Appendix  B  summarizes  the  findings  in  the  form  of  a  sug- 
gested procedure  to  be  used  with  an  aggregate  of  unknown  durabil- 
ity. The  suggested  parameters  are  a  range  of  5  in  EDF  at  a  con- 
fidence level  of  0.95,  but  other  choices  may  be  appropriate  for 
some  instances. 

It  is  suggested  that  this  procedure  be  followed  by  IDOH  on 
samples,  first,  with  a  well  developed  history  of  pavement  perfor- 
mance. This  would  amount,  essentially,  to  checking  the 
researcher's  results,  and  is  recommended  because  of  the  neces- 
sarily limited  number  of  samples  on  which  the  results  are  so  far 
based. 

Probably  the  lithologic  subdivision  of  a  sample  should  be 
made,  at  least  at  first,  by  someone  professionally  trained  in 
geology,  although  such  a  requirement  is  not  a  necessary  aspect  of 
the  method.  It  also  might  be  best  to  do  initial  tests  on  crushed 
stone  samples,  rather  than  on  the  more  complicated  gravels. 

If  the  results  obtained  conform  to  the  field  history  of  the 
materials  used,  then  the  method  should  be  expanded  to  new  aggre- 
gate sources,  with  a  possible  view  toward  incorporating  this  pro- 
cedure in  specifications  for  aggregates. 
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